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The cationic antimicrobial peptide PGLa is electrostatically attracted to bacterial membranes, binds as an amphiphilic α-helix, and is thus able
to permeabilize the lipid bilayer. Using solid state 2H-NMR of non-perturbing Ala-d3 labels on the peptide, we have characterized the helix
alignment under a range of different conditions. Even at a very high peptide-to-lipid ratio (1:20) and in the presence of negatively charged lipids,
there was no indication of a toroidal wormhole structure. Instead, PGLa re-aligns from a surface-bound S-state to an obliquely tilted T-state, which
is presumably dimeric. An intermediate structure half-way between the S- and T-state was observed in fully hydrated multilamellar DMPC
vesicles at 1:50, suggesting a fast exchange between the two states on the time scale of >50 kHz. We demonstrate that this equilibrium is shifted
from the S- towards the T-state either upon (i) increasing the peptide concentration, (ii) adding negatively charged DMPG, or (iii) decreasing the
level of hydration. The threshold concentration for re-alignment in DMPC is found to be between 1:200 and 1:100 in oriented samples at 96%
humidity. In fully hydrated multilamellar DMPC vesicles, it shifts to an effective peptide-to-lipid ratio of 1:50 as some peptides are able to escape
into the bulk water phase.
© 2006 Elsevier B.V. All rights reserved.Keywords: α-helical peptide; Magainin family antimicrobial peptide; Solid-state 2H-NMR; Alanine-d3 isotope label; Oriented membrane sample; Dimerization
equilibrium; Lipid hydration; DMPC and DMPG1. Introduction
In animals and plants, short peptides of 20 to 40 amino acids
are commonly found to act as a first line of defense against
microbial infection. For example, upon injury the skin of the
African clawed frog Xenopus laevis secretes a mixture of
antimicrobial agents from the magainin family [1], one of them
being PGLa (peptidyl–glycine–leucine–carboxyamide,Abbreviations: Ala-d3, 3,3,3-
2H3-l-alanine; CD, circular dichroism; DMPC,
1-,2-dimyristoyl-sn-glycero-3-phosphatidylcholine; DMPG, 1-,2-dimyristoyl-
sn-glycero-3-phosphatidylglycerol; MALDI-TOF, matrix assisted laser desorp-
tion ionization-time of flight; MLV, multilamellar vesicles; NMR, nuclear
magnetic resonance; OCD, oriented circular dichroism; OS, oriented sample;
PC, phosphatidylcholine; PG, phosphatidylglycerol; PGLa, peptidyl–glycine–
leucine–carboxyamide; P/L, peptide-to-lipid molar ratio; RMSD, root mean
square deviation; Smol, molecular order parameter;ΔνQ, quadrupole splitting; ρ,
peptide azimuthal rotation angle; τ, peptide tilt angle
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doi:10.1016/j.bbamem.2006.02.029GMASKAGAIAGKIAKVALKAL-NH2) [2]. This cationic
sequence assumes an amphipathic α-helical structure upon
membrane-binding [3,4], as illustrated by the helical wheel
projection in Fig. 1. These antimicrobial peptides are thought to
act by permeabilizing the membranes of the invading bacteria, as
they induce leakage of liposomes [5,6]. The fact that analogues
made from all-D amino acids have the same antimicrobial effect
as the natural peptides indicates that no specific receptor is
required for the biological activity [7–9]. Given such physico-
chemical mechanism of action, bacteria do not seem to develop
resistance against this class of peptides, which makes them
attractive as potential drugs [10]. Therefore, numerous investi-
gations are conducted to reveal the exact mechanism of action
and to design improved antibiotics. In this quest, solid-state
NMR is a powerful tool, because it can reveal the peptide
structure to quasi-atomic resolution and its dynamics when
embedded in a lipid membrane [11–13].
As demonstrated by Huang [14] the antimicrobial activity is
highly concentration dependent because it requires cooperative
Fig. 1. (A) Helical wheel projection of PGLa. Charged lysine residues and the N-terminus are marked with +, and residues labeled with Ala-d3 are marked with circles.
The grey box represents the lipid membrane. (B) Definition of angles. The helix tilt angle τ is defined as the angle between the peptide long axis and the membrane
normal, which in oriented samples is aligned parallel to the external magnetic field B0. In the figure τ=125° is shown, corresponding to the average value in the tilted T-
state found for PGLa at high concentrations. The azimuthal rotation angle ρ describes the orientation of the amphiphilic peptide around its long axis. We have defined ρ
as 0° when the Cα of Lys-12 is aligned with the y-axis in the plane of the membrane. In the figure, ρ=108° is shown (A), the average value found for PGLa in the T-state.
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the general Shai–Matsuzaki–Huang model [15], which
involves the formation of pores in which the peptides span
the bilayer in the so-called inserted I-state. Such pores have
been revealed by neutron in-line scattering diffraction of
magainin 2 [16,17], which is the most thoroughly studied
member of the family. Several studies have demonstrated that
negatively charged lipids are important to attract the cationic
peptides to the membrane. Indeed, anionic lipids appear to be
the main factor by which the peptides differentiate between host
cells and invading bacteria. Bacterial membranes generally
contain a high amount of acidic lipids, while eukaryotic plasma
membranes mainly consist of zwitterionic lipids. In the
magainin family, the influence of dimyristoylphosphatidylgly-
cerol (DMPG) on the peptide binding affinity has been
investigated for magainin 1 [18,19], magainin 2 [18,20,21]
(see also [4] and references therein) and PGLa [22–26]. Apart
from increasing the affinity of the peptides to the membrane
surface, the negatively charged lipids are also thought to
participate in the pore structure by forming a toroidal wormhole
as proposed for magainin 2 [16]. In such wormholes, the tight
packing of the peptides would give rise to a high positive charge
density in the pore, which can be compensated by the negatively
charged lipid head groups. In the case of PGLa, each molecule
contains five positive charges (four lysines and a charge at the
N-terminus) and could presumably also act by forming
wormholes, but no evidence of such toroidal pores has yet
been observed for PGLa.
In previous CD studies, PGLa was shown to adopt an
amphipathic α-helical structure upon binding to lipid vesicles
[3,22,25,27]. The same result was obtained using Raman
spectroscopy [21] and Fourier transform infrared spectroscopy
[20]. Liquid state NMR of PGLa in dodecylphosphatidylcholine
micelles demonstrated an α-helix between the 6th and 20th
amino acid [28]. Based on this knowledge, we have used solidstate 19F-, 2H- and 15N-NMR to determine the alignment of the
PGLa helix in the membrane. A set of orientational constraints
was collected from selectively deuterated alanine (Ala-d3) side
chains [29] or 19F-labeled residues [27,30,31]. This previous
work revealed a concentration dependent re-alignment of PGLa
in dimyristoylphosphatidylcholine (DMPC) bilayers. The helix
tilt angle τ (defined between the helix long axis and the bilayer
normal) and its azimuthal rotation ρ were determined with an
accuracy of a few degrees [11]. At a low peptide-to-lipid molar
ratio (P/L≤1:200) PGLa was found to lie virtually flat on the
bilayer surface, i.e. with a tilt angle of τ=98° in the so-called
“S-state”. At high peptide concentration (≥1:50), however, the
helix was obliquely inserted in the membrane with τ=126°.
Such a tilted “T-state” had not been previously described for
antimicrobial peptides. It does not fit the expected picture of
peptides forming a pore across the membrane in the I-state,
since a helix with such shallow tilt angle cannot span the lipid
bilayer. Therefore, in the present study we have chosen
conditions, namely a very high peptide concentration (P/
L=1:20) and the presence of negatively charged DMPG,
under which the formation of a toroidal wormhole structure
would be explicitly favored.
From a more general point of view, the present 2H-NMR
study sets out to characterize the orientational behavior of PGLa
over a wide range of conditions with the aim of constructing a
rough phase diagram. The relevant variables include the peptide
concentration (1:200, 1:100; 1:50, and 1:20), the degree of
sample hydration (96% humidity, and excess water), and the
presence of negatively charged lipids (0%, and 25%). Here, we
compare samples with pure zwitterionic DMPC, and a 3:1
mixture of DMPC with the negatively charged DMPG. The
PGLa structure analysis is based on four orientational constraints
from non-perturbing Ala-d3 labels substituted for one of the
native alanines. When appropriate, additional data is compiled
from Ala-d3 labels substituted for Gly or Ile, and some previous
1332 P. Tremouilhac et al. / Biochimica et Biophysica Acta 1758 (2006) 1330–134219F-NMR results are also included for comparison. Our previous
19F-NMR studies had shown a transition from the S-state to the
T-state at a PGLa/DMPC ratio around 1:100 [30,31]. It is
important to realize that these experiments had been carried out
in macroscopically oriented membrane samples (OS) on glass
plates, which are typically equilibrated at a relative humidity of
96%. A 2H-NMR analysis using non-perturbing Ala-d3 labels
was subsequently performed to verify the potentially perturbed
19F-NMR structure. Given the much lower sensitivity of 2H-
NMR, it was necessary to employ multilamellar vesicles (MLV)
for those samples containing a low peptide concentration, since
the gain in filling factor outweighed the reduced quality of the
corresponding powder spectra. Notably, our first attempts to
reproduce some of the 19F- and 2H-NMR data derived from OS
by using fully hydrated MLV samples (50 wt.% water in total)
did not yield the anticipated results. A likely explanation was the
different water content of these two types of samples, since
amphipathic antimicrobial peptides are known to respond to the
degree of bilayer hydration [17,32]. In the present study, we have
therefore systematically compared MLV samples with oriented
samples to address the conditions under which a PGLa re-
alignment takes place. Plausible rules are thus derived as to how
sample hydration, peptide concentration, and negatively charged
lipids affect the alignment of the peptide in the membrane.
2. Material and methods
2.1. Peptide synthesis
Peptide synthesis reagents and Fmoc-protected amino acids were purchased
from Merck Biosciences (Darmstadt, Germany) and Iris Biotech (Marktretwitz,
Germany). 3,3,3-2H3-L-Alanine (Ala-d3) was purchased from Cambridge
Isotope Laboratories (Andover, MA, USA), and its N-terminus was Fmoc-
protected [33]. Solvents were purchased from Merck (Darmstadt, Germany).
PGLa (GMASKAGAIAGKIAKVALKAL-NH2) was synthesized with a single
Ala-d3 label at 8 different positions, replacing alanine, glycine or isoleucine
(Table 1). The peptides were synthesized on an Applied Biosystem 433A
instrument, using standard solid phase Fmoc protocols [34]. The crude material
was purified by high pressure liquid chromatography (HPLC) on a Vydac C18
column using an acetonitrile/water gradient. The identity of the products was
confirmed by MALDI-TOF mass spectrometry, and analytical HPLC showed
them to be at least 95% pure.
2.2. Preparation of NMR samples
Dimyristoylphosphatidylcholine (DMPC) and dimyristoylphosphatidylgly-
cerol sodium salt (DMPG) were purchased from Alexis BiochemicalsTable 1
Amino acid sequences of the peptides used









PGLa14 Ala14 GMASKAGAIAGKI-Ala-d3-KVALKAL-NH2(Lausen, Switzerland) or Avanti Polar Lipids (Alabaster, AL, USA).
Deuterium-depleted water was from Acros (Geel, Belgium). Thin glass plates
(18 mm×7.5 mm×0.08 mm) were purchased from Marienfeld Laboratory
Glassware (Lauda-Königshofen, Germany). The appropriate amounts of pept-
ides and lipids were dissolved in a mixture of methanol/chloroform (2:1).
Occasionally a small amount of water was added in samples containing
DMPG. Non-oriented MLV samples were prepared as lipid dispersions as
described elsewhere [29]. Typically, 2 mg of peptide were codissolved with
an appropriate amount of lipid, and the solution was dried under vacuum
overnight to remove all traces of solvents. Deuterium-depleted water was
added to obtain a hydration of normally 50% (w/w of total sample), or in
some specified cases either 40% (w/w) or 75% (w/w). The hydrated mixture
was vigorously vortexed and freeze–thawed several times to yield
homogeneous multilamellar vesicles. The MLV sample was packed in a
polyethylene bag and sealed. Oriented samples (OS) were prepared by
depositing aliquots of the peptide/lipid solution in methanol/chloroform onto
thin glass plates. Typically, 2.5 mg of peptide were mixed with ∼20 mg of
lipids to samples with a P/L=1:20 (and distributed over 15 glass plates), and
2 mg of peptide with ∼35 mg lipid for P/L=1:50 (20 glass plates). The plates
were dried overnight under vacuum, stacked and covered with an additional
clean plate. The stack was hydrated for 36 h at 45 °C in a humidity chamber
over a saturated solution of K2SO4 in deuterium-depleted water, giving a
relative humidity of 96%. The hydrated sample was wrapped in parafilm,
packed into a polyethylene bag and sealed. All samples were stored at −20 °C
prior to measurements.
2.3. Solid-state NMR spectroscopy
Measurements were carried out on Bruker Avance 500 and 600 MHz
NMR spectrometers (Bruker Biospin, Karlsruhe, Germany) at 308 K using
an H/X flat-coil probe with a fixed or variable coil orientation. 31P-NMR
spectra were acquired at 202.5 or 242.9 MHz, using a Hahn echo sequence
with phase cycling [35], with a 90° pulse of 7 μs, 30 μs echo time, 2 s
relaxation delay time, 100 kHz spectral width, 4096 data points, and proton
decoupling using tppm20 [36]. The spectra were referenced to H3PO4
(85%) set at 0 ppm. 2H-NMR experiments were performed at 76.77 MHz
or 92.1 MHz, using a quadrupole echo sequence [37] with a 90° pulse of
4.5 μs, an echo delay of 30 μs, an 80 ms relaxation delay time, 250 kHz
spectral width, and 2048 data points. Between 300,000 and 1,000,000 scans
were collected. The oriented samples were placed in the flat-coil probe such
that the lipid bilayer normal was usually aligned parallel to the magnetic
field, and additional experiments were carried out in a perpendicular
alignment.
2.4. Calculations
Assuming that PGLa binds to the membrane in an α-helical conformation,
the quadrupolar splittings of each 2H-labeled peptide yields one orientational
constraint. Several such constraints are collected to determine the helix tilt angle
τ, the azimuthal rotation ρ around the helix axis, and the molecular order
parameter Smol, using a least squares fit between the experimental and calculated
NMR frequencies as described previously [27,29,38,39]. Fig. 1 illustrates the
orientational parameters τ and ρ that are used to describe the alignment of the
PGLa helix in the membrane. A grid search is performed to find the best-fit
values of the three fitting parameters, by varying τ and ρ in steps of 1° from 0° to
180°, and Smol is varied in steps of 0.01 from 0 to 1.0. The quadrupole splittings
are calculated from the static coupling constant of e2qQ/h=168 kHz for C–D
aliphatic bonds [40] and assuming fast CD3-rotation, which reduces the
splittings by a factor of 3. The angles describing the orientation of the Cα–Cβ
bond of Ala-d3 are ε∣∣=121.0° and ε⊥=53.2°, as deduced from an α-helical
poly-alanine model structure constructed in SYBYL with φ=−58° and ψ=
−47°. This structure was chosen based on the analysis of different possible
structures of PGLa in a previous 19F-NMR study by our group [27]. The
azimuthal rotation is defined such that at ρ=0° the vector from the helix axis to
the Cα atom of Lys12 is aligned along the molecular y-axis in the membrane
plane, as illustrated in Fig. 2. In calculating the helix alignment from the 2H-
NMR data, absolute values of the 2H quadrupole splittings were used as their
sign is indeterminate. The calculations were in most cases based on four
Fig. 2. 2H-NMR spectra of PGLa10 in DMPC at different peptide-to-lipid ratios. (A) Unoriented samples, in which the lipid forms multilamellar vesicles. (B)
Macroscopically oriented samples, in which the membranes are aligned on glass supports.
Fig. 3. 31P-NMR spectra. (A) Oriented sample of PGLa at P/L=1:50 in DMPC.
(B) Oriented sample of PGLa at P/L=1:50 in DMPC/DMPG (3:1).
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alanine was replaced by Ala-d3 either at positions 6, 8, 10 or 14. These residues
are localized in the central segment of the peptide where it is known to form a
stable α-helix. When appropriate, some additional constraints were measured
from mutated peptide-analogues (Ile at positions 9 or 13, and Gly at positions 7
or 11) and included in the data analysis to allow a comparison with previous
results.
3. Results
3.1. Choice of oriented samples or MLV
In this study, we have used both unoriented multilamellar
vesicles (MLV) as samples, as well as macroscopically oriented
samples (OS) supported on glass plates. Our previous 19F-, 2H-
and 15N-NMR structure analysis of PGLa had been preferen-
tially performed with OS [27,29,31], since the resulting narrow
lines provide better resolution than the powder spectra from
MLV samples, as illustrated in Fig. 2. Moreover, OS provide
structural information even at low temperature in the lipid gel
phase or in the case of lateral peptide aggregation, while the
analysis of MLV is restricted to conditions where the peptide is
averaged by fast rotation about the membrane normal [11]. The
only reason for using MLV is the better filling factor of the
material in the NMR coil, hence MLV samples had to be
employed for the less sensitive analysis of 2H-labeled PGLa at
low concentration (P/L=1:200) [29]. Besides these practical
experimental aspects, it should be noted that the total water
content of 50% in MLV samples provides full hydration of the
lipid bilayers, compared to OS which are equilibrated at 96%
relative humidity [41]. Since the degree of hydration may
influence the behavior of a membrane-bound peptide by
shifting its threshold concentration for re-alignment, we have
now systematically compared MLV samples with OS under a
range of different conditions. In pure DMPC, we set out to
compare all relevant peptide-to-lipid ratios of 1:200, 1:100,
1:50, and 1:20. The well-resolved quadrupole splittings in the
series of oriented samples in Fig. 2B show that the peptideremains well oriented even up to a concentration of 1:20. By
manually aligning an OS such that its normal lies at right angle
to the static magnetic field direction, it is possible to tell
whether PGLa is rotating about the membrane normal, since
this reduces the splitting by a factor of two. On the other hand,
when the peptide is immobilized the lines of the 90°–OS get
broadened into a powder-type line shape, and the original
powder spectrum of the corresponding MLV sample will widen
to the static limit. It was found that PGLa ceases to undergo fast
rotation about the membrane normal at very high concentration
of 1:20, hence the 1:20-MLV samples could not be meaning-
fully analyzed.
Table 2
2H-NMR splittings of PGLa in kHz, measured in DMPC or DMPC/DMPG
samples
MLV samples a Oriented samples
1:200 b 1:100 b 1:50 b 1:100 b 1:50 b 1:20 b
Peptide PC c PC/
PG c
PC c PC c PC/
PG c




PGLa6 15.6 d 14.4 8.3 1.0 e 12.0 17.5 18.2 d 17.5 12.4 12.2
PGLa8 17.2 d 18.4 22.6 24.8 36.0 42.0 42.0 d 39.2 37.4 35.7
PGLa10 15.0 d 15.0 15.6 22.2 20.0 30.9 30.8 d 27.5 21.6 26.7
PGLa14 26.6 d 25.6 20.8 18.6 16.6 22.5 21.5 d 20.0 18.6 18.6
a Splittings were measured from the 90° peaks of the powder pattern and
multiplied by a factor of 2 to correspond to the 0° signal.
b Peptide-to-lipid molar ratio in the samples.
c DMPC or DMPC/DMPG (3:1) lipid bilayers.
d Data from [29].
e Splitting too small to resolve, estimated value.
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31P-NMR was used to check the lipid phase behavior and the
bilayer orientations [42]. MLV samples showed a lamellar phase in
all cases. Neither the presence of hexagonal nor isotropic phases
was observed. For OS a single peak in the low field region of the
31P-NMR spectrum represents the oriented part of the sample, with
a small amount of powder pattern at high field due to unoriented
lipid bilayers.At least 80%of the lipidswerewell oriented in allOS,
as determined from integration of the spectra. Typical 31P-NMR
spectra for DMPC containing PGLa (1:50) are shown in Fig. 3A,
with a single peak in the oriented samples. Fig. 3B illustrates typical
spectra for DMPC/DMPG (3:1) containing PGLa (1:50), where the
oriented samples show two components at 29 ppm and 25 ppm.
Integration of the domains gave a 3:1 ratio of these signals,
suggesting their assignment to DMPC and DMPG, respectively.
The DMPC peak was not disturbed by the peptide, but the DMPG
peak shifted depending on peptide concentration. Such lipid phase
separation is not observed in pure lipid control samples (data not
shown), and it is fully consistent with the separation of DMPC and
DMPG 31P-NMR signals by the cationic peptide pandinin 2 [43].
3.3. DMPC samples
Previously, Ala-d3 labeled PGLa had been studied in DMPC
bilayers at low peptide concentration P/L=1:200 in MLVTable 3
Best-fit values from the orientational analysis of PGLa in DMPC or DMPC/DMPG
MLV samples
1:200 a 1:100 a 1:50 a
PCb PC/PGb PCb PCb PC
Tilt angle/° 98 c 98 105 111 12
Rotation angle/° 115 c 115 112 116 10
Order parameter 0.66 c 0.62 0.57 0.63
RMSD/kHz 1.32 c 1.02 0.38 0.30
a Peptide-to-lipid molar ratio in the samples.
b DMPC or DMPC/DMPG (3:1) lipid bilayers.
c Data from [29].samples, and at high concentration P/L=1:50 in OS [29]. The
quadrupole splittings are included in Table 2 to allow comparison
with the new data of the present study. The previously obtained
structural parameters, namely the best-fit values of τ, ρ and Smol
are listed in Table 3. It was found that the peptide helix is aligned
at τ=98° in the surface-bound S-state at low concentration
(1:200-MLV), and at an angle of about τ=126° in the tilted T-
state at high concentration (1:50-OS). In both cases, the
azimuthal rotation angle is between 110°–115°, and the order
parameter is around Smol ≈ 0.7. We have now pursued several
aims in the present comprehensive structure analysis of PGLa:
First, we wanted to narrow down the limiting threshold
concentration for re-alignment in the range between 1:200 and
1:50, hence experiments were performed at P/L=1:100. Second,
to define this threshold concentration unambiguously, we had to
take the sample hydration into account, hence all experiments
were performed in both MLV and OS to compare high and low
hydration conditions. Finally, we wanted to find out whether
PGLa is able to assume a transmembrane alignment in the
postulated I-state, hence samples were studied with a very high
peptide concentration (1:20), where the cooperative formation of
a toroidal pore might be favored.
First, to get a more accurate idea of the threshold
concentration for PGLa re-alignment in DMPC, an intermediate
concentration of P/L=1:100 was investigated. Four peptides
with Ala-d3 labels in different native Ala positions were
reconstituted in both OS and MLV. The 2H-NMR spectra of the
oriented samples are shown in Fig. 4A, and the quadrupolar
splittings are listed in Table 2. The peptide orientation was
calculated as described in Materials and methods and is
summarized in Table 3. Fig. 5A shows the resulting τ–ρ map,
in which the RMSD between calculated and measured splittings
is displayed as a function of the tilt and rotation angles of PGLa.
Fig. 5B shows the corresponding quadrupolar wave plot, in
which the experimental splittings are given by symbols, and the
curve represents the best-fit solution for τ=124° and ρ=111°.
Indeed, the raw quadrupole splittings of 1:100-OS are very
similar to those of the previous 1:50-OS data, and the
orientational analysis gives the same best fit values (Table 3).
This analysis indicates that PGLa assumes the T-state in DMPC
in 1:100-OS. Therefore, the threshold concentration where the
peptide re-aligns from the S-state to the T-state must be between
1:200 and 1:100 in oriented samples.samples, using the 2H-NMR data from Table 2
Oriented samples
1:100 a 1:50 a 1:20 a
/PGb PCb PCb PC/PGb PCb PC/PGb
6 124 126 c 126 125 121
3 111 110 c 109 104 113
0.53 0.78 0.75 c 0.69 0.57 0.70
0.85 0.71 0.45 c 0.54 0.34 0.19
Fig. 4. 2H-NMR spectra of PGLa with non-perturbing Ala-d3 labels in different positions in oriented membrane samples. (A) PGLa at P/L=1:100 in DMPC. (B) PGLa
at P/L=1:20 in DMPC. (C) PGLa at P/L=1:50 in DMPC/DMPG (3:1). (D) PGLa at P/L=1:20 in DMPC/DMPG (3:1).
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different picture is obtained. The same kind of data analysis at
P/L=1:100 yields quadrupole splittings that are not very similarFig. 5. Left-hand panels: Orientational analysis for PGLa in DMPC 1:100-OS. (A) Er
as indicated by the dotted lines. This corresponds to the T-state. (B) The quadrupol
according to the substituted Ala-d3 position) and shows the calculated splitting as a fu
Orientational analysis for PGLa in DMPC/DMPG 1:200-MLV. (C) Error plot. Th
corresponds to the S-state. (D) Quadrupolar wave plot of the best-fit values fitted toto those of the 1:200-MLV sample (Table 2), but the calculated
alignment with τ=105° and ρ=112° is very close to that of the
S-state (Table 3). This means that re-alignment of PGLa into theror plot, in which the darkest area shows the best fit values τ=124° and ρ=111°,
ar wave plot is fitted to the experimental 2H-NMR data (filled squares, labeled
nction of the amino acid sequence around the helical wheel. Right-hand panels:
e best-fit values τ=98° and ρ=115°, are indicated by the dotted lines. This
the experimental 2H-NMR data (filled squares).
Fig. 6. 2H-NMR spectra for PGLa with Ala-d3 labels in different positions, in
DMPC at 1:50 in MLV samples.
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1:100. Compared to the results in OS, this means that more
peptide is required in an MLV sample to trigger the switch from
the S-state to the T-state.
An even more interesting observation was made in the
1:50-MLV samples of PGLa, where we had set out to see
the influence of sample hydration by making a comparison
with our previous results in 1:50-OS. Eight different pep-
tides were reconstituted at P/L=1:50 in DMPC MLV,Table 4






PGLa6 15.6 −18.2 1.0 f
PGLa7 −9.6 −2.5 1.0 f
PGLa8 17.2 42.0 24.8
PGLa9 −5.2 −30.0 20.0
PGLa10 −15.0 −30.3 22.2
PGLa11 37.0 52.1 40.2
PGLa13 26.4 −20.1 18.0
PGLa14 −26.6 −21.5 18.6
a Splittings were measured from the 90° peaks of the powder pattern and multipli
b Data from [29]. Signs are taken from the best-fit curves calculated from unsigne
c Absolute values; the signs of splittings are not known from direct 2H-NMR mea
d The minimum was calculated by the least square method, excluding the PGLa1
e The minimum was calculated by the least square method.
f Splitting too small to resolve, estimated value.labeled with Ala-d3 either at native Ala positions or at Gly or
Ile. The quadrupole splittings from this set of samples are
different from all previous PGLa systems that had been
investigated so far, as illustrated in Fig. 6 and summarized in
Tables 2, 3 and 4. Apparently, in this case, the peptide is neither
in the S-state nor in the T-state. The orientational analysis in Fig.
7A, based on the four non-perturbing labels at the native Ala
positions, indicates a helix tilt angle of τ=110°, which is
intermediate between the S-state and the T-state, while the
azimuthal rotation angle remains consistent with both states. The
quadrupolar wave shown in Fig. 7B was constructed from these
four data points, and the splittings from the other, potentially
perturbing labels of positions Gly7, Ile9 andGly11 also fit nicely
to this curve. Only the data point from Ile13 does not fit, and
repeating this experiment on a new sample confirmed this
deviation.
Finally, to address the question as to whether PGLa would
assume a transmembrane alignment in a putative membrane-
inserted I-state, we also investigated an even higher peptide
concentration of P/L=1:20 in oriented samples, where an even
larger helix tilt angle might be expected. The spectra are shown
in Fig. 4B and the quadrupole splittings given in Table 2. The
splittings are slightly smaller than in the 1:100 or 1:50 oriented
samples, but the calculations show the same alignment of the
peptide in the membrane, namely a tilt angle of τ=125° and a
somewhat lower value of ρ=104°. The order parameter is
slightly reduced, which explains why all the splittings are
slightly smaller. It is therefore apparent that PGLa even at a very
high concentration does not turn into a more inserted alignment
in DMPC, but it remains in the obliquely tilted T-state.
3.4. DMPC/DMPG samples
In contrast to predominantly zwitterionic eukaryotic mem-
branes, bacterial membranes have a high content of anionic
lipids [44]. The high selectivity of positively charged
antimicrobial peptides against bacteria is thus attributed to the
electrostatic attraction of the peptides from the surrounding
solution, which dominates their initial binding affinity. To
mimic this effect, we prepared samples using the mixed lipidAverage of 55%
S-state, 45% T-state d
P/L=1:100 MLVa, c Average of 80%









ed by a factor of 2 to correspond to the 0° signal.
d 2H-NMR data and signed 19F-NMR data.
surements.
3 data point.
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1:200 and 1:50 in MLV, and 1:50 and 1:20 in OS.
2H-NMR experiments were performed on PGLa peptides
labeled at the unperturbing Ala positions (Figs. 4C and D),
giving the quadrupole splittings listed in Table 2. The
orientational analysis gave the results summarized in Table 3.
Here, we obtained two distinct groups of results, in which the
quadrupolar splittings correspond to either the S-state or the T-
state. In Fig. 5C, the error plot, and in Fig. 5D, the quadrupolar
wave plot for the 1:200-MLV samples are shown in order to
illustrate the differences between these characteristic S-state
data compared to the T-state data of Fig. 5A and B.A clear result is that the helix alignment is basically the same
in negatively charged DMPC/DMPG (3:1) as it is in pure
DMPC. The only exception holds for 1:50-MLV, where it had
been the pure DMPC sample which gave an atypical alignment
of PGLa that was intermediate between the S- and T-state.
Nonetheless, in 1:200-MLVof DMPC/DMPG (3:1), the peptide
clearly adopts the S-state with τ=98°, and at a higher
concentration of 1:50 it assumes the T-state with τ=126°. At
a very high peptide concentration of 1:20, the same obliquely
tilted T-state state remains almost unchanged. Hence, even in
the presence of negatively charged lipids, which could stabilize
a toroidal wormhole, PGLa does not insert in a transmembrane
alignment.
3.5. Role of hydration
It has been demonstrated that PGLa can escape into the bulk
water phase when there is excess hydration in the sample, since
it is not electrostatically attracted to uncharged DMPC bilayers
[30]. To examine such hydration-dependent binding of PGLa to
membranes, additional MLV samples with PGLa8 were
prepared with 75% and 40% water content for both DMPC
and DMPC/DMPG (3:1) bilayers at P/L=1:200. The 2H-NMR
spectra of these samples are shown in Fig. 8A and B. When the
labeled peptide is bound to the lipid membrane, it gives a non-
zero quadrupole splitting due to its fixed orientation. In contrast,
if PGLa is unstructured and freely tumbling in the bulk water, it
gives an isotropic signal. Unfortunately, control experiments on
peptide-free lipid samples show that the residual deuterons in
the deuterium-depleted water and the lipids also contribute a
significant isotropic signal (Fig. 8C). Also, the lipids give rise to
a broad underlying powder component, hence it is difficult to
analyze the respective peptide contributions quantitatively.
Nevertheless, since the 31P-NMR spectra do not reveal any
hexagonal or isotropic phase for any of our lipid samples, we
know that the isotropic 2H-signal must be the sum of the
residual deuterons from water and lipid, plus an unknown
amount of free peptide in the bulk water phase. All samples for
Fig. 8 were prepared on the same day using the same batch of
deuterium-depleted water, to ensure a comparable amount of
residual deuterons. The splittings from the bound PGLa couldFig. 7. (A) Error plot for PGLa in DMPC 1:50-MLV. The darkest area indicating
the best fit with τ=111° and ρ=116° lies half-way between the S-state (triangle)
and the T-state (circle). (B) The corresponding quadrupolar wave plot is
constructed from the experimental 2H-NMR data (filled squares) of the four non-
perturbing Ala-d3 labels of Fig. 6 and further data from other substitutions are
also included. The curve shows the calculated splittings as a function of the
amino acid position around the helical wheel for τ=111° and ρ=116°. The open
squares indicate the hypothetical quadrupolar splittings that would arise from
fast exchange between 55% S-state (PGLa in DMPC 1:200-MLV) and 45% T-
state (PGLa in DMPC 1:50-OS). (At positions 6 and 10, the filled and open
squares overlap completely.) (C) Quadrupolar wave plot for PGLa in DMPC
1:100-MLV. The curve shows the calculated splittings as a function of the amino
acid position around the helical wheel for τ=105° and ρ=112°. Filled squares
correspond to the 2H-NMR data of the four non-perturbing Ala-d3 labels, while
open squares represents the values calculated for fast exchange between 80% S-
state and 20% T-state. (At positions 6 and 8, the filled and open squares overlap
completely.)
Fig. 8. 2H-NMR spectra for PGLa8 in MLV samples containing different amounts of water. (A) PGLa at P/L=1:200 in DMPC, (B) PGLa at P/L=1:200 in DMPC/
DMPG (3:1). (C) Pure lipid control, DMPC/DMPG (3:1).
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water. It is seen that the isotropic signal in the spectrum of PGLa
in DMPC is much higher for 75% water than for 40% (Fig. 8A).
In contrast, in the presence of DMPG there is no difference in
the isotropic signals at different hydration (Fig. 8B), and their
intensity is close to that of the DMPC at low hydration and of
the control sample (Fig. 8C). The gain in isotropic signal
intensity in the DMPC sample containing PGLa at excess
hydration is therefore attributed to freely tumbling peptide that
has escaped into the bulk water phase.
4. Discussion
In this study we have used solid state 2H-NMR to measure a
set of orientational constraints from non-perturbing Ala-d3
labels on the antimicrobial peptide PGLa (Figs. 2, 4 and 6).
From these the orientation of the amphiphilic α-helix in DMPC
and DMPC/DMPG (3:1) bilayers was determined under several
different conditions (Figs. 5 and 7, Tables 2 and 3). Our main
aim was to construct the rough phase diagram, which is
schematically illustrated in Fig. 9, as a function of peptide
concentration, sample hydration, and lipid charge. By system-
atically varying these parameters, we had originally intended to
find conditions under which PGLa would assume a transmem-
brane alignment according to the postulated toroidal worm-hole
mechanism of antimicrobial function. However, the
corresponding membrane-inserted I-state could not be detected.
Instead, we have gathered much information concerning the
conditions that influence the re-alignment of PGLa from the
surface-bound S-state to a novel tilted T-state, which appears to
be functionally relevant. Here, we will first describe how thehelix orientation changes in the membrane with increasing
peptide concentration, in accordance with a two-state equilib-
rium defined by a certain threshold concentration. The role of
hydration affecting this re-alignment will then be addressed by
comparing oriented membrane samples (OS) incubated at 96%
humidity and multilamellar vesicles (MLV) containing excess
water. We will also discuss the electrostatic contributions to the
peptide–lipid interactions by comparing uncharged DMPC and
anionic DMPC/DMPG (3:1) bilayers. Finally, we will focus on
a meaningful interpretation of the 2H-NMR data of PGLa in
DMPC at a 1:50 peptide-to-lipid molar ratio in an MLV
preparation (Fig. 6). From this particular sample a peptide
alignment was calculated that has a nominal tilt angle half-way
in-between the S- and T-state (Table 4). These data are
consistent with the PGLa molecules being engaged in fast
exchange between the two states, which we interpret as a
dynamic equilibrium between monomeric peptides and dimers
in the membrane.
4.1. Concentration-dependent re-alignment of PGLa
According to the Shai–Matsuzaki–Huang model of antimi-
crobial function, a peptide like PGLa is unstructured in solution
but adopts an amphiphilic α-helical secondary structure when
bound to the membrane surface in the so-called S-state. At a
certain threshold surface concentration, several peptides will
cooperatively insert into the membrane to form a pore. This
threshold was determined for magainin 1 by oriented circular
dichroism (OCD) to correspond to a molar peptide-to-lipid ratio
of about P/L=1:30 in DMPC/DMPG (3:1) bilayers. Beyond
this threshold concentration, in the so-called inserted state or
Fig. 9. Phase diagram of the alignment of PGLa in DMPC membranes, as a
function of (i) peptide concentration (molar peptide-to-lipid ratio), (ii) sample
hydration (using either oriented samples (OS) equilibrated at 96% humidity, or
fully hydrated multilamellar vesicles (MLV) with 50% total water content), and
(iii) the presence of negatively charged DMPG. The alignment of the cylinders
schematically depicts the monomeric S-state (white, τ=98°) and the
(presumably dimeric) tilted T-state (black, τ=125°) of the α-helix. The asterisks
indicate our previous results in DMPC from 19F-NMR (1:200 and 1:50 in OS,
[27, 31]) and 2H-NMR (1:200 in MLV, and 1:50 in OS [29]). The overlapping
cylinders at DMPC MLVs at 1:50 and 1:100 represent intermediate PGLa
alignments that are consistent with a fast exchange between the S- and T-states
(see Figs 6 and 7, Table 4). The thick arrows indicate the forward direction in
this S→T equilibrium, as affected by changing any of the three variables. Note
that the PGLa alignment in DMPC-MLV at 1:20 could not be addressed
experimentally in MLV (as indicated by the question mark) since PGLa ceases to
rotate fast about the bilayer normal (see Fig. 2), but the immobilized peptide is
presumably well oriented in the T-state as known from the corresponding data in
OS.
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transmembrane orientation in the inserted I-state [45]. A similar
concentration-dependent re-alignment was observed for other
helical peptides [14]. A limitation of OCD, however, is that only
a rough value of the peptide tilt angle can be obtained (and only
for helical peptides), and the azimuthal rotation angle describing
the amphiphilic alignment is not accessible at all. For β-sheet
peptides there is no theory to obtain the tilt angle, but a
concentration-dependent change of the OCD spectrum, which
was interpreted as a re-alignment of the peptide in the bilayer,
has been observed for the β-hairpin peptide protegrin-1 [14].Fig. 10. Overview of the alignment of PGLa in lipid bilayers. (A) At low concentratio
high concentration, it assumes a tilt of about 125°. (C) In the tilted state presumab
membrane, as illustrated by the DMPC molecules to the left. The insertion depth ofIn the case of PGLa, we have recently used solid state 19F-,
2H- and 15N-NMR to determine its orientation in the lipid
membrane with quasi-atomic resolution [27,29,31], as summa-
rized in Fig. 10. PGLa indeed adopts an α-helical structure upon
binding to DMPC bilayers, which lies flat on the membrane
surface at P/L=1:200 with the lysine side chains pointing up
towards the water, as expected (Fig. 10A). At a higher con-
centration of 1:50, however, PGLa was found to insert obliquely
into the membrane with a shallow tilt angle of about 125°,
which we have called the tilted T-state (Fig. 10B) [31]. Oriented
samples prepared with this particular peptide concentration
exhibit strongly broadened 19F-NMR signals, indicative of fast
exchange between the two states on the millisecond timescale of
the NMR experiment [31]. There was no evidence for a prog-
ressive shift of the peptide tilt angle upon increasing con-
centration, and only the S-state and T-state were identified as
well-defined orientations. The stability of the novel T-state with
an oblique tilt angle was rationalized in terms of peptide dime-
rization (Fig. 10C), since PGLa and related peptides are known
to form dimers in solution as well as in the membrane-bound
state [46–51].
Concerning the reliability of the ensuing structure analysis,
we note that the concentration-dependent re-alignment of PGLa
has been accurately resolved by 2H-NMR using a non-
perturbing deuterium-labeling approach [29]. The previous
study employed four separate Ala-d3 labels that were placed
into native Ala positions, and these data whereas further
augmented by Ala-d3 substitutions in place of Gly or Ile (see
Table 1). Even the latter, potentially perturbing substitutions
gave quadrupole splittings that fitted very well to the unique
quadrupolar wave curve that had been constructed from the four
non-perturbing labels. It was thus demonstrated that the four
non-perturbing Ala-d3 labels are sufficient to determine the
peptide orientation in the membrane. The same labels in
positions Ala6, Ala8, Ala10 and Ala14 have now been used in
the present study to calculate the structure of PGLa, together
with additional substitutions where necessary. The structure
analysis in oriented DMPC bilayers at different P/L of 1:100,
1:50 and 1:20 revealed the same helix tilt angle of τ=125° and
an azimuthal rotation angle of about ρ=110°, which is clearly
indicative of the T-state found previously [29,31]. The threshold
concentration can thus be refined to lie between 1:100 andn the peptide lies on the membrane surface with a helix tilt of about 98°. (B) At
le the peptide exists as a dimer. The grey box represents the thickness of the
PGLa remains unknown.
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summarized in Fig. 9. In MLV samples with an excess of
water, on the other hand, we have demonstrated above that the
threshold concentration must lie at a higher concentration above
1:100.
The initial binding of cationic antimicrobial peptides to
bacterial membranes has been attributed to electrostatic
interactions with the anionic lipids present in these membranes.
Previously, we have shown that anionic lipids increased the
binding of PGLa to unilamellar lipid vesicles in an aqueous
environment [24]. By isothermal titration calorimetry it was
also demonstrated that DMPG helps to attract the PGLa peptide
to the membrane surface, but that the secondary structure
formation is independent of the lipid composition once the
peptide is bound to the membrane [25]. For the fish peptide
pardaxin, on the other hand, the presence of anionic lipids in
membranes reduces its lytic activity [52]. There is also some
evidence that the lipid membrane composition as such has a
notable influence on the lipid morphology and the mechanism
of peptide-induced destabilization. An isotropic lipid phase was
triggered by the wasp venom peptide mastoparan only in
bilayers consisting of DMPG [53], and a hexagonal lipid phase
was reported for the magainin analogue MSI-78 [26]. Such non-
lamellar 31P-NMR signals are generally accepted as an
indication of a toroidal wormhole structure, which would also
be expected to correlate with a transmembrane peptide
orientation.
In the present study of PGLa, non-lamellar 31P-NMR signals
are not observed. In the presence of DMPG the peptide shows a
very similar two-state behaviour as in pure DMPC (Fig. 9). The
S-state prevails at a low peptide concentration of 1:200, and the
T-state occurs at 1:50 and beyond. The tilt angles found for
PGLa in DMPC/DMPG (3:1) are virtually identical to those
determined in DMPC for both the S- and T-state, as summarized
in Table 3 and Fig. 10. Hence, the presence of 25% anionic
lipids does not influence the orientation of PGLa in the
membrane. The tilted T-state seems to be very stable over a wide
range of concentrations as well as lipid compositions. Even at a
very high peptide concentration of 1:20 and in the presence of
DMPG we found a stable T-state, while the postulated I-state
with a transmembrane orientation was not observed. It therefore
seems that PGLa does not form toroidal wormhole pores in the
same way as have been reported for magainin 1 and protegrin-1.
4.2. Equilibrium between S- and T-state, and between free and
bound peptides
In the present study, all samples but two could be distinctly
correlated with either the S-state or T-state. The 2H-NMR data
from the MLV preparation at P/L=1:50 in DMPC (Fig. 6) is
clearly incompatible with both. Interestingly, the orientational
analysis yields an intermediate tilt angle half-way between the
two states (Fig. 7A), and the azimuthal rotation remains
compatible with both (Tables 2 and 3). According to our earlier
interpretation of the S-state as monomeric PGLa and the T-state
as peptide dimers, an intermediate tilt angle is not expected to be
stable. However, as we have located the threshold concentrationbetween 1:100 and 1:20 in MLV, both monomers and dimers
could be simultaneously present in the intermediate concentra-
tion range of 1:50. If the peptide is engaged in fast exchange
between the two states, an average quadrupole splitting would
be observed. For PGLa in DMPC 1:50-MLV, eight labels were
thus measured, and carefully compared with our previous well-
established results on the S-state (PGLa/DMPC 1:200-MLV)
and in the T-state (PGLa/DMPC 1:50-OS) [29]. It is found that
the quadrupole splittings of the intermediate situation are indeed
well reproduced by an arithmetic average between the
respective splittings of the S- and T-state, with a population of
55% in the S-state and 45% in the T-state, as demonstrated in
Table 4. For this analysis, signed values of the splittings must be
used rather than the absolute ones, although these are not
directly accessible from the 2H-NMR spectra. We thus obtained
the unique signs of the S- and T-state splittings from the best-fit
curves that had been calculated from the original unsigned 2H-
NMR data together with the signed 19F-NMR data [29,31]. It
turns out that the predicted and average values are very close,
with the exception of the data for PGLa13 (Table 4). This data
point also deviates significantly from the corresponding
quadrupolar wave curve in Fig. 7B. An explanation is offered
by considering the absolute difference in quadrupole couplings
that would have to be averaged out by fast exchange. For
PGLa13 the S- and T-state splittings differ by almost 50 kHz,
whereas all other labels differ by no more than 30 kHz. It is
conceivable that the rate of exchange occurs on a time scale
close to 50 kHz, being fast enough to average the smaller
splittings, but producing an error in PGLa13 (though without
yet broadening the NMR signals beyond recognition). We also
note that we had observed and reported dynamically averaged
19F-NMR spectra for PGLa in 1:100-OS, indicative of fast
exchange on the order of the 19F dipolar coupling of up to
10 kHz [31]. We thus conclude that in MLV samples the
threshold concentration between the S- and T-state lies close to a
peptide-to-lipid ratio of 1:50, at which the PGLa molecules
appear to be engaged in a dynamic equilibrium of dimerization.
Turning our attention back to the MLV sample of PGLa in
DMPC at P/L=1:100, we had also pointed out above that the
raw 2H-NMR data do not fit very well with the S-state found at
1:200 in DMPC or DMPC/DMPG. Doing a similar analysis as
for the 1:50 sample above, we now find that the 1:100 data can
be nicely reproduced by an arithmetic average with a population
of 80% in the S-state and 20% in the T-state, as demonstrated in
Table 4 and Fig. 7C. Thus, in DMPC, there exists a range of
peptide concentrations where monomers and dimers coexist,
and the proportion of dimers increases with peptide concentra-
tion. The change from S- to T-state thus does not occur at a
specific concentration but gradually over a range of concentra-
tions. This gradual change was not seen in oriented samples,
indicating that in such samples the transition is sharper.
Starting with the intermediate situation (1:50-MLV) where
the peptide is in fast exchange between the S- and T-state in
DMPC membranes, it is intriguing to ask whether and how any
change in conditions will move this equilibrium forward or
backward. The phase diagram in Fig. 9 shows that the addition
of negative charge promotes the T-state, and decreasing
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1:50-MLV with 1:50-OS. Both observations can be explained
by the same argument, namely by considering the local
concentration of peptides that are actually bound to the
membrane surface. It was shown in Fig. 8A that MLV samples
with higher water content (75%) exhibit a larger isotropic
peptide 2H-NMR signal than with lower hydration (40%),
indicating that PGLa tends to escape from DMPC bilayers into
the bulk water phase. In the presence of negatively charged
DMPG, on the other hand, the cationic peptide is hardly found
in the bulk water phase (Fig. 8B). It has also been demonstrated
by liquid state 19F-NMR that PGLa binds to unilamellar
vesicles in solution only if they contain some anionic DMPG,
whereas it showed no affinity to pure DMPC vesicles [24]. The
same argument holds for the comparison of macroscopically
oriented samples at 96% humidity with fully hydrated multi-
lamellar vesicles (50% water). In OS there is no excess of water
present, hence PGLa has no choice other than arranging itself in
the lipid bilayers, where it is indeed found to assume a well-
structured and consistent alignment. When preparing samples
with the same nominal P/L ratio, this will lead to a lower
effective peptide concentration in the multilamellar DMPC
vesicles compared to oriented samples, or for that matter
compared to MLV containing DMPG. The different threshold
concentrations found for OS and MLV samples can thus be
explained by the differing local concentration of PGLa that is
actually bound to the membrane, which is after all the relevant
parameter for the change from S- to T-state.
Notably, the adsorption of PGLa to the membrane surface,
which is accompanied by a change in secondary structure from
unordered to α-helical, is a slow process on the NMR time scale
of a few kHz. Therefore, both an isotropic signal from soluble
peptides and a quadrupolar doublet from membrane-bound
peptides are observed simultaneously. A similarly slow time
scale has been reported from solution state 19F-NMR measure-
ments on PGLa in unilamellar vesicles, based on the T2-
relaxation behaviour of the peptide, from which an exchange
constant of about 10 s− 1 was estimated [24]. In contrast, the
tilting (dimerization) of peptides that are already bound to the
membrane is a faster process (faster than 50 kHz), leading to a
fast exchange and a single averaged NMR signal.
4.3. Final conclusions
In this study we have used 2H-labeled PGLa peptides to
obtain an accurate picture of the peptide alignment in DMPC
and DMPC/DMPG (3:1) membranes (see Figs. 9 and 10). We
have concluded that whenever the local PGLa concentration on
the membrane surface reaches a threshold value the peptide
switches from an S-state to a tilted T-state, presumably as a
result of dimerization. This threshold value is independent of
the type of lipid investigated here. Instead, the partitioning of
PGLa between the bulk water phase and the membrane surface
depends on the lipid charge and the level of sample hydration.
Overall, the peptide alignments in the S- and T-states observed
here do not fit with the proposed pore formation model
involving a toroidal wormhole. It is conceivable that pores mayonly transiently exist with a short life-time that is not observable
by NMR, or perhaps lysis of membranes may occur via a
different mechanism involving dimeric peptides in a tilted rather
than a transmembrane alignment.
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